Nonchromosomal pregnancy failure is a common but poorly understood phenomenon. Because recent data have suggested that epigenetic abnormalities such as abnormal placental DNA methylation may play a role in human pregnancy failure, we undertook experiments to test whether decidual and/or placental DNA methylation abnormalities are present in a mouse model of pregnancy failure. A large number of studies have shown that crosses between CBA/J female mice and DBA/2 males result in pregnancies with a high rate of failure/resorption, whereas other crosses with CBA/J females produce normal pregnancies. Although the CBA/J 3 DBA/2 mouse has frequently been used as a model for miscarriage, a detailed explanation for the pregnancy failure phenotype is lacking. We performed timed matings between CBA/J female and DBA/2 male mice as well as between DBA/2 female and CBA/J male mice. Decidual caps were isolated at Embryonic Day (E) 9.5 from both crosses, and a microarray-based method was used to comparatively assess genomic methylation at approximately 16 000 loci on mouse chromosome 7. In comparison with decidual caps from DBA/2 3 CBA/J pregnancies, CBA/J 3 DBA/2 decidual caps were characterized by widely and apparently randomly disturbed methylation. In another set of analogous experiments, genomic methylation of placental DNA from E8.5 pregnancies was assessed using the same microarray-based method. This analysis revealed that in contrast to the decidua, placental DNA methylation from CBA/J 3 DBA/2 pregnancies was indistinguishable from that of normal controls. We conclude that abnormal DNA methylation in the uterine decidua likely plays a role in the CBA/J 3 DBA/2 model of pregnancy failure. To our knowledge, these experiments are the first to demonstrate that epigenetic abnormalities of the decidua are associated with pregnancy failure, and they set the stage for future efforts to understand the role of DNA methylation at the maternal-fetal interface.
INTRODUCTION
The maternal-fetal interface consists of the placenta and the underlying decidua. These two tissues develop rapidly and interactively after a blastocyst implants, and their proper interaction is necessary for the pregnancy to survive. As any tissue grows and differentiates, changes in gene expression and underlying epigenetic changes in the organization of the genome are expected to occur. Thus, abnormal growth and/or development of the placenta or the underlying decidua should be associated with abnormal epigenetic changes in the genome. Indeed, abnormal methylation of the placenta has been reported in human miscarriage and in pre-eclampsia [1, 2] .
We evaluated genomic methylation at the maternal-fetal interface in an animal model. Pregnancies in CBA/J female mated to DBA/2 male (CBA/J 3 DBA/2) mice are prone to failure by midgestation and provide a well-characterized model system for the study of pregnancy failure [3] [4] [5] . In such matings, up to 50% of embryos die and are resorbed by Embryonic Day (E) 15 [6, 7] , whereas matings between CBA/J and other strains exhibit typical rates of resorption of approximately 5%. Interestingly, in CBA/J 3 DBA/2 matings, implantation appears to occur normally, and pregnancies appear grossly normal through approximately E10.5, after which embryo resorption begins to become evident. Those embryos that survive to term are stunted and have placentas that show characteristic abnormalities, such as loss of trophoblast giant cells, indicating that a continuum of possible outcomes exists and that even those pregnancies that survive are abnormal [3] . Recently, it has been shown that CBA/J dams carrying pregnancies sired by a DBA/2 male develop renal endotheliosis, albuminuria, sensitivity to angiotensin, and elevated soluble fms-like tyrosine kinase-1 (sFlt-1); thus, the CBA/J 3 DBA/2 mating scheme provides a credible model of human pre-eclampsia as well [3, 8] .
It is generally thought that the pregnancy-related abnormalities seen in this model stem from a fundamental failure in maternal tolerance or, more broadly, a dysregulation of maternal immunity. Such thinking comes from evidence that local deficiency in modulatory cytokines such as interleukin 10 [9] or regulatory T cells exists in these pregnancies and, further, that rescue of the resorption phenotype occurs with depletion of natural killer cells [5] or with injection of thirdparty lymphocytes and other moderation of immunity [10] . However, many of the findings generated by this model do not fit neatly into a ''failure of tolerance'' paradigm and instead suggest a more complex and fundamental dysregulation at the maternal-fetal interface. For example, we have described abnormal arteriolar remodeling in the decidua [11] , and others have described the absence of trophoblast giant cells in CBA/J 3 DBA/2 pregnancies [12] . Another intriguing aspect of the CBA/J 3 DBA/2 model is that the reverse mating (DBA/2 female with CBA/J male mice) does not have obvious reproductive abnormalities. Thus, the fetal genotype, which is identical in the two mating schemes, is not the critical determinant of reproductive outcome. Overall, it is safe to conclude that a detailed understanding of pregnancy failure in this system is lacking.
The observation that excess pregnancy loss is only evident with pregnancies in CBA/J dams sired by DBA/2 males, where the genotypes involved are the same as those in DBA/2 3 CBA/J matings, led us to the hypothesis that epigenetic changes might exist at the maternal-fetal interface of affected pregnancies. To pursue this hypothesis, we used a previously developed method for high-throughput assessment of genomic methylation to compare the genomic DNA from the decidua immediately underlying the placenta, the so called ''decidual cap,'' from resorption-prone pregnancies (CBA/J 3 DBA/2) and control pregnancies (DBA/2 3 CBA/J). In a second set of experiments, we compared placental DNA methylation from abortion-prone and control pregnancies. We now provide evidence for significant abnormalities in the genomic methylation of the decidua in CBA/J 3 DBA/2 pregnancies.
MATERIALS AND METHODS

Mice and Tissues
All studies were performed with the approval of the University of Vermont Institutional Animal Care and Use Committee. CBA/J and DBA/2 mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Timed matings were performed by visual examination of vaginal mucous plugs, with E0.5 being the day of plug appearance. Euthanasia was by CO 2 inhalation followed by cervical dislocation. For preliminary studies to assess the frequencies of pregnancy failure in the CBA/J 3 DBA/2 model, dams were euthanized on E12.5, at which time pregnancies undergoing resorption could be easily scored visually. For microarray experiments, dams were euthanized on either E8.5 or E9.5. The entire embryo along with gestational sac was removed from the uterus, using care to remove the decidual cap along with the placenta from the uterine wall. Then, the decidual cap was teased away from the placenta. DNA was prepared from decidual caps and placentas using standard SDS/proteinase K followed by phenol/chloroform extraction. DNA quality was assured by running a 1-lg aliquot on a 1% ethidium bromide-stained agarose gel. The degree of admixture of decidual and placental DNA samples was assessed by fluorescent PCR with primers that amplify simple sequence repeat polymorphisms that distinguish the two strains. The two loci used for this analysis were D1Mcg5 and TRP-53. The details of the genomic location, PCR primers, and sequence are available through the JAX website (www.informatics.jax.org). PCR products were analyzed by capillary electrophoresis, and relative peak heights corresponding to the two genotypes were considered to be proportional to the underlying proportions of the genomic DNAs. The assay was calibrated by making mixtures of genomic DNA from the two strains, and the sensitivity of the assay was estimated to be 5%.
Microarray-Based Assessment of Methylation
In the present study, we followed a previously described protocol for methylation assessment [13, 14] . In this method, genomic DNA was first digested with the methylation-sensitive restriction enzyme, HpaII. Then, double-stranded linkers were ligated, and a limited number of PCR cycles was performed, resulting in amplification of fragments between approximately 100 and 1000 bp. The degree of amplification depends upon the efficiency of HpaII digestion, which in turn depends on the degree of methylation. As a control for the technical quality of amplification and hybridization, each DNA sample was ''spiked'' with a small quantity of unmethylated prokaryotic DNA (Thermus aquaticus, obtained from ATCC). Amplified DNA was fluorescently labeled and hybridized to custom-designed microarray in a two-color comparative format. In this case, the array was designed by parsing the entire sequence of mouse chromosome 7 into predicted HpaII fragments between 100 and 600 bp and then choosing from among these 16 000 fragments that contained sequence suitable for constructing three oligonucleotides for the array. Importantly, other than the constraints of length and suitability of sequence, the array loci were picked at random and included both coding and noncoding sequence. The array also contained approximately 2000 oligonucleotides corresponding to the Thermus aquaticus genome (''spike-in'') control.
Hybridizations were performed as two-color pairs. In each case, a single CBA/J 3 DBA/2 sample (either decidual cap or placenta) was cohybridized with a single DBA/2 3 CBA/J sample. Following standard hybridization and washing steps, the arrays were scanned, and images were analyzed. Array intensities for the three oligonucleotides corresponding to each predicted HpaII fragment were averaged, resulting in approximately 16 000 mean intensities for each array (not including control loci). Intensities were log2 converted and then normalized using a linear normalization procedure. All microarray data analyses were performed with the R statistical package (www.bioconductor. org).
Histological Assessment
Representative pregnancies, including uterus, implantation site placenta, and embryo, from CBA/J dams mated to DBA/2 sires as well as from DBA/2 dams mated to CBA/J sires were fixed in paraformaldehyde, paraffin embedded, and serially sectioned. Relevant 3-lm sections were stained with hematoxylin and eosin for microscopic assessment.
Analysis of Sequence Features
To test whether sequence features were associated with variability in methylation, we divided the 16 000 mean variances (from eight array data sets) into 10 bins of 1600 loci each with increasing variance. We then used the Galaxy website (www.galaxyproject.org) to systematically test whether array loci showing more variation in methylation were more or less likely to overlap with exons, short interspersed nuclear elements, long interspersed nuclear elements, cytosine phosphodiester guanine (CpG) islands, or other sequence features available through the University of California, Santa Cruz Genome Browser (http://genome.ucsc.edu/).
RESULTS
Before embarking on experiments aimed at assessing methylation differences between tissues from CBA/J 3 DBA/ 2 pregnancies and DBA/2 3 CBA/J pregnancies, we first tested whether the CBA 3 DBA model performed as has been described in existing literature. To this end, a total of eight DBA/2-mated CBA/J dams carrying a total of 52 pregnancies were analyzed, and of these pregnancies, 21 (40%) had failed and were being resorbed. In contrast, in seven CBA/J-mated DBA/2 dams carrying a total of 49 pregnancies, only 2 (4%) had failed. This result assured us that the model functioned as expected in our hands.
Next, we assessed the genomic methylation of DNA prepared from E9.5 decidual caps from abortion-prone as well as control pregnancies using a previously described microarray method that assesses approximately 16 000 loci located on mouse chromosome 7 [14] . E9.5 was chosen because it is before the onset of overt evidence of pregnancy failure, yet pregnancies are large enough for tissue dissection and analysis.
For each experiment, a single decidual cap from a CBA/J 3 DBA/2 pregnancy was compared to a single decidual cap from a DBA/2 3 CBA/J pregnancy in a two-color hybridization. A total of eight such hybridizations were performed, resulting in 16 independent microarray data sets. The embryos for these experiments were obtained from a total of eight dams, with four dams in each group (CBA/J 3 DBA/2 and DBA/2 3 CBA/ J) and with each dam providing two embryos.
After log2 conversion and normalization, microarray intensities were first analyzed by performing pair-wise scatter plot comparisons. Data from two representative pair-wise array hybridizations comparing CBA/J 3 DBA/2 decidual caps with DBA/2 3 CBA/J decidual caps are shown in Figure 1 , A and B. To test whether decidual caps within each experimental group were similar, we also plotted data comparing samples within each category. Figure 1 , B and C, shows two comparisons of array data from DBA/2 3 CBA/J decidual caps. Here, the correlation coefficients of 0.94 and 0.97 indicate a high degree of uniformity of genomic methylation, which is obviously different from that seen in the CBA/J 3 DBA/2 decidual caps, where the correlation coefficients were between 0.76 and 0.84. Within-group comparisons among pairs of CBA/J 3 DBA/2 decidual caps (Fig. 1, C and D) showed the most striking differences, with correlation coefficients ranging from 0.68 to 0.72. This latter result indicates that in CBA/J 3 DBA/2 pregnancies, decidual methylation is highly inconsistent, even between two pregnancies from the same CBA/J dam.
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reflecting important differences between samples, but a more systematic analysis of the variability in the data is obtained by examining the variance of signal intensities at each of the approximately 16 000 array loci in the two groups of eight decidual caps each from CBA/J 3 DBA/2 pregnancies and from DBA/2 3 CBA/J pregnancies. The density distributions of the two sets of 16 000 variances are shown in Figure 2 . Clearly, the curves appear different, with the CBA/J 3 DBA/2 decidual caps showing a much broader distribution of variances, confirming greater overall variability in methylation. A Z test comparing the means of the two variance distributions was highly significant (P , 0.00001).
The above-mentioned analysis indicates that CBA/J 3 DBA/ 2 decidual caps showed considerably more variability in methylation than DBA/2 3 CBA/J decidual caps and that among CBA/J 3 DBA/2 decidual caps, no consistent pattern of alterations in methylation was found. To test for any exceptions to this general pattern, we determined the correlation coefficients for all possible pair-wise comparisons of the data. With 16 data sets, a total of 120 such comparisons are possible, and these are summarized in Table 1 . This analysis further supports the idea that all eight CBA/J 3 DBA/2 decidual caps were affected by a similar degree of variability of genomic methylation, indicating that this phenomenon is unlikely to be restricted to specific pregnancies or to specific dams. It also supports the idea that all eight CBA/J 3 DBA/2 samples were approximately equally dissimilar to each other, arguing that methylation alterations likely are random. To further test this hypothesis, we searched for any loci that exhibited consistently increased or decreased methylation in CBA/J 3 DBA/2 caps (as compared with DBA/2 3 CBA/J caps). Using the criterion of at least a twofold difference in array intensity in all eight comparisons, we found no loci that exhibited consistent hyperor hypomethylation.
Another method to assess whether the altered methylation seen in CBA/J 3 DBA/2 pregnancies followed a meaningful pattern was to determine whether sequence features (e.g., exons or repetitive elements) were more or less likely to overlap array segments according to methylation variability. Clearly, if exons, repetitive elements, or other features were disproportionately represented among segments exhibiting either high or low variance, it would argue for a nonrandom underlying process. To this end, the 16 000 variances were grouped into 10 bins, and overlaps between array loci and sequence features were systematically assessed. Representative results are shown in Figure 3 . Although there appears to be a tendency for loci with the highest variability in methylation to have fewer overlaps with short interspersed nuclear elements and more overlaps with exons, the overall impression from this analysis is that no striking or clearly significant associations exist between sequence features and variance in methylation.
Because the maternal-fetal interface consists of both the placenta and the decidua, we also considered the possibility of abnormal genomic methylation in CBA/J 3 DBA/2 placentas. However, previous efforts to isolate placenta free from contaminating maternal tissue have shown that after the placenta is fully established, it is composed in part of maternal cells [15] and that pure fetal trophoblast can only be obtained at E8.5 or earlier [16] . Consistent with this, we found that E9.5 placental DNA contained significant maternal contamination as determined by PCR (data not shown). Therefore, we performed timed matings between CBA/J and DBA/2 mice and recovered placentas at E8.5. Again, genomic DNA was prepared from a total of eight CBA/J 3 DBA/2 placentas and eight DBA/2 3 CBA/J placentas. Results of PCR showed equal amplification of polymorphic alleles, indicating pure or nearly pure preparations of placental DNA. As with the decidual caps, methylation-sensitive amplification and comparative array hybridizations were performed for the eight pairs of samples. Figure 1 , G and H, provides representative results of placental comparisons. Correlation coefficients were between 0.94 and 0.98 for all eight comparisons, thus demonstrating a remarkable consistency of methylation among all placentas, regardless of maternal genotype. A Z test comparing the mean variance for the CBA/J 3 DBA/2 placentas to the mean variance for the DBA/2 3 CBA/J placentas showed no significant difference (data not shown).
DISCUSSION
In general, genomic methylation among different samples of a given tissue is highly consistent, whereas different tissue types differ from each other with respect to methylation, reflecting the role that methylation plays in tissue differentiation [17, 18] . The high degree of consistency of methylation that we found in DBA/2 3 CBA/J decidual tissues and in all placental samples is very much in keeping with this idea. However, the degree of inconsistency in methylation that we observed in CBA/J 3 DBA/2 decidual tissue is striking. The differences in methylation that we found, even between two pregnancies from the same dam, are of approximately the same magnitude that others have reported when using a similar technique to compare two tissues as dissimilar as sperm and brain [19] . These results provide strong evidence that genomic methylation of the uterine decidua immediately underlying the placenta, the so-called decidual cap, in CBA/J 3 DBA/2 pregnancies is dramatically different from that seen in DBA/2 3 CBA/J pregnancies and is therefore highly abnormal. The fact that within-group comparisons between CBA/J 3 DBA/2 decidual caps (even pairs from the same dam) showed highly variable methylation indicates that the alterations in methylation did not follow any apparent pattern and therefore may be best characterized as chaotic or random. This concept is further supported by the observation that those loci showing the greatest or least variability in methylation in CBA/J 3 DBA/2 decidual caps were not enriched for any particular class of sequence (e.g., exon or repetitive element), as seen in Figure  3 . Also supporting the idea that methylation disturbance was random is the observation that of 16 000 loci, none was consistently different between experimental and control decidual samples. The finding that methylation was randomly or chaotically abnormal was unexpected. We undertook the experiment with the hope that we would identify particular genomic regions or sequence motifs that were consistently different in abortion-prone pregnancies.
Normally, the methylation pattern of genomic DNA is established during tissue differentiation, and in terminally differentiated tissue, methylation is then faithfully inherited during mitosis. Our results imply that the cellular mechanisms that normally provide faithful replication of methylation during mitosis have been damaged or disrupted in the decidua of CBA/J 3 DBA/2 pregnancies. Given the important role that methylation plays in maintaining appropriate gene expression and differentiation state of different tissues, one would expect the normal physiologic functions of CBA/J 3 DBA/2 decidual caps to be significantly but variably impaired. Indeed, randomly disordered methylation would be expected to have different consequences for each pregnancy, which could explain in part why some pregnancies survive but others fail.
We considered whether the observed methylation abnormalities might be the primary cause of pregnancy failure or whether disturbed methylation was a consequence of some other inciting process. Of course, cross sectional studies such as the one we have performed do not allow us to address which observed phenomena are the primary cause of pregnancy failure and which are merely part of the cascade of events that occurs after a primary insult. Because our analysis was performed at E9.5, which is before the onset of overt abnormalities such as fetal death and resorption of pregnancies, we know that disturbed decidual methylation occurs relatively early in the chain of events that ultimately ends with pregnancy failure. However, considering that maintenance of methylation is a basic cellular process that is expected to function normally in a healthy adult animal, it seems most likely that disturbed methylation is a consequence of some primary cause rather than a primary cause itself.
Complement fixation as early as E6 has been described in the CBA 3 DBA model [12] , leading us to consider whether disordered methylation might be the consequence of decidual inflammation. We searched existing literature for studies that assessed the effects of inflammation on genomic methylation in decidua or placenta. While we did not find data that directly address this question, we note that methylation is broadly disturbed in several inflammatory settings, such as chronic obstructive pulmonary disease, liver fibrosis, and chronic renal failure [20] [21] [22] . At this point, a well-developed understanding of how inflammation might perturb methylation is lacking, but results of in vitro studies have suggested that cytokines can directly influence the expression of methyltransferases [23, 24] . Thus, it is plausible that decidual inflammation causes disturbed methylation. On the other hand, our study cannot exclude the possibility that decidual inflammation is actually a consequence of disturbed methylation.
Existing work that explores the role of epigenetics in pregnancy failure has focused on the placenta (see, e.g., [1] and references therein), and we are not aware of studies that have examined decidual methylation in humans or animals. Our results with the placentas of CBA/J 3 DBA/2 pregnancies appear to be at odds with studies in humans that report consistent alterations of placental methylation in the setting of pregnancy failure; however, we caution that we did not examine the same loci as in other studies. The mechanism of pregnancy failure in the CBA/J 3 DBA/2 model may ultimately turn out to be quite different from that of human miscarriage.
The present study, although observational, is significant because to our knowledge, it is the first to indicate that epigenetic changes in the decidua may be important in pregnancy failure. Our results also lead to several predictions that can be tested in follow-up studies: First, we anticipate that E9.5 decidual caps will exhibit large and easily detectable alterations in the expression of a large number of genes and that the pattern of altered gene expression will be inconsistent among different implantation sites. This effect may be missed by standard analyses of array data because they are focused on consistencies rather than inconsistencies in gene expression. Second, we predict that the degree of methylation abnormality will mirror the severity of the pregnancy loss phenotype. For instance, when CBA/J dams are mated with DBA/J sires, allowed to deliver, and then mated to DBA/J sires a second time, they have considerably fewer resorbed embryos in the second pregnancy. Methylation abnormalities would be expected to be less prominent in second pregnancies as well.
